PLL/DLL CIRCUITRY PROGRAMMABLE FOR 
HIGH BANDWIDTH AND LOW BANDWIDTH APPLICATIONS 



BACKGROUND OF THE INVENTION 

1 FIELD OF THE INVENTION 

[0001 1 The invention relates in general to integrated circuits, and more particularly, to 
integrated circuits that include phase lock loop circuits or delay lock loop circuits. 

2 DESCRIPTION OF THE RELATED ART 

[0002] Integrated circuits often employ phase-locked loop (PLL) or delay-locked loop (DLL) 
circuitry to synthesize a clock signal frequency from a reference clock signal. A programmable 
logic device is a type of integrated circuit that can use a PLL or DLL to generate a clock signal at 
a desired frequency and also to help counteract clock skew and excessive delay in clock signals 
propagating within the device. For convenience herein PLL and DLL circuitry is sometimes 
referred to generically herein as PLL/DLL circuitry. Sung et al. U.S. Patent No. 6,252,419; Sung 
et al. U.S. Patent No. 6,218,876; and Sung et al. U.S. Patent No. 6,177,844; and Jefferson et al. 
U.S. Patent No. 5,744,991 which describe the use of PLL/DLL circuits in integrated circuits, 
particularly in programmable logic device integrated circuits, are expressly incorporated herein 
by this reference. 

[0003] PLL/DLL circuits typically include a loop filter. One function of a loop filter is to 
filter out high frequency harmonics in the loop. Another function of the loop filter is to stabilize 
the loop. The loop filter also affects loop response parameters such as loop bandwidth, loop time 
response and the damping factor of the loop. 

[0004] The loop bandwidth influences PLL/DLL circuit responsiveness to changes in 
reference clock signal frequency. A higher loop bandwidth results in a PLL/DLL that is more 
rapidly responsive. A lower loop bandwidth results in a PLL/DLL that is less rapidly responsive. 
In some applications, it is desirable for the PLL/DLL to be highly responsive to changes in 
reference clock signal frequency. In other applications it is desirable for the loop filter to less 
responsive to changes in the reference clock signal frequency. 
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[0005J A higher bandwidth loop filter is more desirable where a more quickly responsive 
PLL/DLL is required. For example, certain memory modules typically employ a PLL/DLL 
circuit to control timing of memory access signals. Generally, it is desirable to employ a 
PLL/DLL with a higher bandwidth in such memory modules so that the PLL/DLL responds 
more rapidly to rapid changes in the reference clock signal. This responsiveness contributes to 
the achievement of high-speed access to memory. 

[0006] A lower bandwidth loop filter is more desirable where a less quickly responsive 
PLL/DLL is required. For instance, in some systems it is not unusual to experience reference 
clock jitter. Such reference clock jitter can be regarded as a form of electronic noise. In some 
such systems it is important that a PLL/DLL phase-locked to a reference clock not be overly 
responsive to reference clock jitter or noise. For example, in video applications, a PLL/DLL that 
is too responsive to a jittery reference clock can result in a flickering distortion of an image 
displayed on a video screen. As another example, in certain radio frequency (RF) 
communications systems it is important that a PLL/DLL synthesize an output clock signal 
frequency that remains within a relatively narrow frequency range despite reference clock jitter 
or other noise sources. For instance, in an RF communications system compliant with the IS- 
54A standard, the lower end frequency range is 869MHz, and the channel frequency spacing is 
30kHz. Thus, it is important that a PLL/DLL used to synthesize a clock signal within given 
relatively narrow channel have the ability to remain locked within a desired channel despite 
clock jitter. 

[0007] In view of the wide range of PLL/DLL circuitry applications, there has been an 
increasing need for more versatile PLL/DLL circuitry. One problem with providing such 
PLL/DLL circuitry is that while a high bandwidth loop filter typically is small enough to fit on 
the same integrated circuit as the PLL/DLL circuitry, a low bandwidth loop filter often is too 
large to fit on one integrated circuit with other PLL/DLL components. Another problem is that 
feedback circuitry typically employed in PLL/DLLs used in some general purpose high 
bandwidth applications typically is different from feedback circuitry ordinarily employed in 
other lower bandwidth applications such as RF communications, for example. Despite these 
problems, the present invention meets the need for an integrated circuit with PLL/DLL circuitry 
that is adaptable to high bandwidth and to low bandwidth applications. 
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SUMMARY OF THE INVENTION 

[0008j The present invention provides an integrated circuit including phase lock loop or 
delay lock loop (PLL/DLL) circuitry. The PLL/DLL circuitry has feedforward circuitry which 
includes a phase/frequency detector (PFD) circuit including a reference clock input connected to 
a clock input terminal and a PFD feedback input and a PFD output. The PLL/DLL feedforward 
circuit also includes a charge pump (CP) circuit, a loop filter (LF) and a loop controlled signal 
source (LCSS). The PLL/DLL circuitry further includes a feedback circuit connected between a 
LCSS output and the PFD feedback input. The feedback circuit includes an external feedback 
input terminal The feedback circuitry also includes first frequency selection circuitry to produce 
a first programmable feedback signal and second frequency selection circuitry to produce a 
second feedback signal. The feedback circuitry includes multiplex circuitry connected with the 
LCSS output, the external feedback input terminal and the first and second frequency selection 
circuitry, to cause either the first programmable feedback signal or the second programmable 
feedback signal to be coupled to the PFD feedback input. Moreover, the PLL/DLL circuitry 
includes at least one external feedforward output terminal which is connectable to an external 
PLL/DLL feedforward circuit component. 

[0009] The external feedforward output terminal can be used to connect the PLL/DLL 
circuitry as part of a hybrid PLL/DLL circuit that includes external feedforward components, 
such as an external loop filter, for example. The multiplex circuitry can be used to switchably 
couple the first or second feedback signals to the PFD input depending upon the application of 
the PLL/DLL circuitry. For example, on the one hand, if the PLL/DLL circuitry is connected 
with an physically large external low bandwidth loop filter, then the multiplex circuitry can be 
switched to couple to the PFD input the one of the first and second feedback signals most 
suitable for low bandwidth applications. On the other hand, if the PLL/DLL circuitry is 
connected with a higher bandwidth on-chip loop filter, then the multiplex circuitry can be 
switched to couple to the PFD input the one of the first and second feedback signals most 
suitable for high bandwidth applications. 

[001 0| Therefore, the present invention meets the need for an integrated circuit with 
PLL/DLL circuitry that is adaptable to high bandwidth and to low bandwidth applications. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



(001 11 Figure 1 is an illustrative generalized block diagram of an integrated circuit (IC) 
which includes phase lock loop PLL/DLL circuitry in accordance with a present embodiment of 
the invention. 

[0012] Figure 2 is an illustrative more detailed schematic block diagram of PLL/DLL 
circuitry in accordance with a present embodiment of the invention. 

[0013] Figures 3A-3C are illustrative block diagram drawings respectively showing a 
selector circuit connecting a phase-frequency detector and the charge pump; a selector circuit 
connecting a charge pump and a loop filter; and a selector circuit connecting a loop filter and a 
LCSS of the PLL/DLL of Figure 2. 

[0014] Figures 4A-4B are generalized illustrative block diagrams of first and second 
examples of hybrid PLL/DLL circuits incorporating components of the PLL/DLL circuitry of 
Figure 2 and also incorporating PLL/DLL feedforward circuit components external to the 
PLL/DLL circuitry of Figure 2. 

[0015] Figure 5 is an illustrative detailed schematic block diagram of PLL/DLL circuitry in 
accordance with an alternative embodiment of the invention which includes integer-N feedback 
circuitry. 

[0016] Figure 6 is an illustrative block diagram of one embodiment of selection circuitry 
connecting first and second charge pump circuitry to a phase-frequency detector in the 
embodiment of Figure 5. 

[0017] Figure 7 is an illustrative detailed schematic block diagram of PLL/DLL circuitry in 
accordance with another alternative embodiment of the invention which includes fractional-N 
feedback circuitry. 

[0018] Figures 8A-8B are illustrative drawings of first and second phase-frequency detectors 
for use with current embodiments of the invention. 
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I0019J Figure 9 is an illustrative diagram of a charge pump reference current circuit for use 
with the present embodiments of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(0020] The present invention provides an integrated circuit including PLL/DLL circuitry 
which is programmable for high bandwidth and low bandwidth for RF applications. In one 
aspect of the invention, the PLL/DLL circuit itself is programmably reconfigurable to 
functionally substitute external (off-chip) PLL/DLL circuit components in place of internal (on- 
chip) PLL/DLL circuit components as may be required to generate RF clock signals. In another 
aspect of the invention, the PLL/DLL circuitry includes feedback circuitry that is differently 
programmable for high bandwidth and low bandwidth applications. The following description is 
presented to enable any person skilled in the art to make and use the invention. The 
embodiments of the invention are described in the context of particular applications and their 
requirements. These descriptions of specific applications are provided only as examples. 
Various modifications to the preferred embodiments will be readily apparent to those skilled in 
the art, and the. generic principles defined herein may be applied to other embodiments and 
applications without departing from the spirit and scope of the invention. Thus, the present 
invention is not intended to be limited to the embodiments shown, but is to be accorded the 
widest scope consistent with the principles and features disclosed herein. 

[0021] The illustrative drawing of Figure 1 shows an integrated circuit (IC) 100 which 
includes a phase lock loop (PLL) circuitry or alternatively, delay lock loop (DLL) circuitry 
(hereinafter, PLL/DLL) 109 constructed in accordance with a present embodiment of the 
invention. The integrated circuit 100 of Figure 1 is a type of IC commonly referred to as a 
programmable logic device (PLD). It will be appreciated that although the PLL/DLL 109 is 
described in relation to its interconnection with and use as part of a PLD-type IC, the invention is 
not limited to PLD ICs. The IC 100 includes a clock input terminal 136 for receiving a clock 
signal from circuitry external to the IC 100. The IC also includes a plurality of input/output (I/O) 
terminals 180 for receiving data and/or control signals from external circuitry via registers 182. 
(For convenience herein, all data and control signals other than clock signals shall be referred to 
simply as data signals.) The data signals from terminals 180 may be applied to I/O registers 182 



5 



for temporary storage and output by those registers. The input clock signal applied to clock 
terminal 136 may be applied to I/O registers 182 to control the operation (in particular, the 
timing operation) of those registers. The data signals input by registers 182 are applied to 
programmable logic 184 of the PLD IC 100. (As an alternative to using registers 182, data from 
terminals 180 may be applied more directly to logic 184 (i.e., without first being registered by 
the registers 182).) Programmable logic 184 also typically receives the input clock signal from 
terminal 136 and generally performs at least some operations on the input data from terminals 
182 at one or more rates determined by the frequency of the clock signal from terminal 136. For 
example, some or all of the data applied to terminals 180 may be synchronized with the clock 
signal applied to terminal 136, and programmable logic 184 may partially process that data also 
in synchronism with the clock signal applied to terminal 136. 

[0022] The input clock signal applied to terminal 136 is also applied to PLL/DLL 109. The 
PLL/DLL 109 can be programmed to provide a modified clock output signal which has a defined 
frequency relationship to the input clock signal. For example, the frequency of the of the 
modified clock output signal produced by the PLL/DLL 109 may be higher or lower than the 
input clock frequency applied to terminal 136. The modified clock signal produced by the 
PLL/DLL 109 on line 140 may be applied to any or all of a modified clock output terminal 186, 
programmable logic 184 and I/O registers 188. Programmable logic 184 typically performs at 
least some data processing at one or more rates determined by the modified clock signals 
produced by the PLL/DLL 109. For example, programmable logic 184 may perform some data 
processing in synchronism with the modified clock signal produced by PLL/DLL 109. Output 
data signals may be applied to data terminals 190 via I/O registers 188, which may register those 
signals on the way to and from those terminals 190 at the modified clock signal rate. Thus, the 
IC 100 may output data via terminals 190 at the modified clock signal frequency and in 
synchronism with the modified clock signal applied to the output clock terminal 186. 

[0023| A present embodiment of the PLL/DLL circuitry 109 also includes an externally 
accessible Phase/Frequency Detector (PFD) output terminals 150, 152 externally accessible 
Charge Pump (CP) output terminal 154 and an externally accessible Loop Controlled Signal 
Source (LCSS) terminal 156. Each of these externally accessible terminals is connected to a 
corresponding component of a feedforward circuit of the PLL/DLL 109. The PLL/DLL 109 also 
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includes an external feedback input terminal 158. These externally accessible terminals are 
individually connectable to external PLL/DLL feedforward circuit components to implement a 
hybrid PLL/DLL circuit comprising on-chip and external (off-chip) components, for low 
bandwidth applications, for example. 

[0024j Although Figure 1 may appear to show fixed interconnections among the various 
circuit elements, it will be understood that in IC such as IC PLD device 100, there is typically a 
high degree of programmability and therefore signal routing flexibility in the interconnection 
resources that are provided. This programmability of interconnection resources, which is well 
known to those in the art, is not shown in the drawings herein to avoid unnecessarily 
complicating the drawings. Thus not all of the interconnections shown in Figure 1 may be 
present in all uses of IC 100 and/or other interconnections not shown in Figure 1 may be present 
in some uses of IC 100. Those skilled in the art will also appreciate that the circuit elements and 
interconnection resources shown in Figure 1 may be only a part of more extensive circuit 
element and interconnection resources provided on IC 100. Moreover, it will be appreciated that 
the PLL/DLL block 109 may comprise more than one PLL/DLL circuit. Examples of 
programmable logic devices in which the present invention can be implemented will be found in 
Cliff et al. U.S. Patent No. 5,689,195, Cliff et al., U.S. Patent No. 5,909,126, and Sung et al., 
U.S. Patent No. 6,177,844, and Jefferson, et al., U.S. Patent No. 6,215,326, all of which are 
hereby incorporated by reference herein in their entireties. 

[00251 The illustrative drawing of Figure 2 shows additional details of a first PLL/DLL 
circuit 10 that can be implemented in an IC such as that of Figure 1 in accordance with a 
presently preferred embodiment of the invention. The PLL/DLL 10 is formed as a part of an 
integrated circuit. The PLL/DLL 10 includes on-chip feedforward circuitry shown within dashed 
lines 1 1. The PLL/DLL 10 also includes on-chip feedback circuitry shown within dashed lines 
15. The PLL/DLL 10 includes clock signal input driver circuitry 36, external feedback signal 
input driver circuitry 38 and a PLL/DLL output connection 40. Although device 36 shows the 
input clock to be differential, a single ended clock can be supported as an alternative consistent 
with the invention. 
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(0026| The on-chip feedforward circuitry 1 1 includes phase-frequency detector circuitry 12, 
charge pump circuitry 14, loop filter circuitry 16 and a loop controlled signal source (LCSS) 18 
connected as shown. The phase- frequency detector circuitry 12 includes a clock input 13 and a 
feedback input 21 . The phase- frequency detector clock input 13 is connected to receive a clock 
signal frequency. The phase-frequency detector feedback input 21 is connected to receive a 
feedback signal frequency. In a present embodiment, a reference counter 42 is connected to 
receive a clock signal provided to the input driver circuitry 36 and to provide a frequency- 
adjusted clock signal to the phase-frequency detector input 13. An external signal adjustment 
counter 44 is connected to receive a VCO output provided to the VCO output 20 and to provide a 
frequency- adjusted VCO output signal to the output connection 40. 

[0027j As explained above, for convenience PLL and DLL circuitry in accordance with the 
invention are sometimes referred to generically herein as PLL/DLL circuitry. In a PLL circuit in 
accordance with the invention, the LCSS 18 comprises a VCO. In a DLL circuit in accordance 
with the invention, the LCSS 18 comprises a voltage controlled delay line (VCDL). Otherwise, 
PLL circuitry and DLL circuitry in accordance with a presently preferred embodiment of the 
invention are the same. Sung, et al. U.S. Patent No. 6,177,844, which is expressly incorporated 
herein by this reference, describes details of VCO and VCDL implementations of PLL/DLL 
circuitry in accordance with a present embodiment of the invention. It will be appreciated that 
the principles of the invention may be practiced with PLL/DLL circuitry that employs an LCSS 
18 that is current controlled rather than voltage controlled. 

[0028J The on-chip feedback circuitry 15 includes first frequency selection circuitry 22 and 
includes second frequency selection circuitry 24 and includes multiplex circuitry 26 that acts 
either to select a first feedback signal provided by the first frequency selection circuitry 22 or to 
select a second feedback signal provided by the second frequency selection circuitry 24. An 
input 28 of the first frequency selection circuitry 22 is connected to be responsive to a LCSS 
feedback signal produced on VCO output 20 by the LCSS 18. An output 30 of the first 
frequency selection circuitry 22 provides the first feedback signal. When the multiplex circuitry 
26 selects the first feedback signal, the first selection circuitry 22, provides the selected signal on 
the phase-frequency detector feedback input 21. An input 32 of the second frequency selection 
circuitry 24 is connected to be responsive to an external feedback signal. An output 34 of the 
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second frequency selection circuitry 24 provides the second feedback signal. When the 
multiplex circuitry 26 selects the second feedback signal, the second selection circuitry 24 
provides the selected signal on the phase-frequency detector feedback input 21. 

[0029J The external feedback signal is produced by a signal source that can on-chip or off- 
chip. The external feedback signal can be generated by LCSS 18 connected to one or more 
external feedforward components, such as an external loop fitter, for example. Alternatively, the 
external feedback signal may be provided by an external (off-chip) LCSS. 

[0030J In a locked condition PLL/DLL circuit components generally operate as follows. A 
phase- frequency detector produces a signal that is proportional to a phase difference A<|> which is 
constant over time. A charge pump produces an UP/DOWN control signal in response to the 
phase- frequency detector signal. A loop filter suppresses high frequency components of the 
phase-frequency detector/charge pump control signal, allowing the DC value to control the 
frequency of the signal produced by a LCSS. The LCSS then produces a signal having a 
frequency equal to the reference frequency and with a phase difference equal to A<j). 

[0031] More particularly, in operation the function of the phase- frequency detector circuitry 
12 is to generate on phase- frequency detector output 50 a signal waveform based on the 
difference in phase (and frequency) between a reference clock signal on phase- frequency 
detector input 13 and the phase-frequency feedback signal on input 21. More specifically, in one 
embodiment, for example, when the rising edge of the reference clock signal on input 13 leads 
that of the feedback signal on input 21, an UP signal is generated on output 50 which causes an 
increase in frequency of the feedback signal on input 21. Conversely, in one embodiment, for 
example, when the rising edge of the reference clock signal on input 13 lags that of the feedback 
signal on input 21, a DOWN signal is generated on output 50 which causes a decrease in 
frequency of the feedback signal on input 21. A pulse width of the UP/DOWN signal is 
proportional to the phase difference between the reference clock signal on input 13 and the 
feedback signal on input 21. 

[0032| In operation, the function of the charge pump circuitry 14 is to provide a transfer 
function for converting the UP and Down signals to an output voltage signal on charge pump 
output 54 at a level between VCC (the power supply voltage of the IC device 100) and ground. 
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The UP and DOWN signals switch an internal current source to deliver a charge to move the 
output voltage on output 54 up or down during each clock cycle. 

[0033 1 In operation, the function of the loop filter 1 16 is to smooth the charge pump output 
signal on output 54 and to provide the smoothed signal to the VCO input 58. In one 
embodiment, the loop filter 16 serves as a low pass filter which filters out high frequency 
harmonics and provides a DC signal output. 

(0034J In operation, the function of the LCSS 18 is to respond to the output signal of the 
charge pump 14, as filtered by the loop filter 16, and to provide an output clock on output 20 
having a frequency and phase (relative to the reference clock signal on input 13) required to 
achieve synchronism between the inputs 13 and 21 to the phase- frequency detector 12. 

[0035] In operation, the feedback circuitry 15 functions to produce a feedback signal on 
phase-frequency detector input 21 that causes the LCSS output signal to have a frequency that is 
derived from the reference clock signal frequency on phase-frequency detector input 13. In a 
present embodiment of the invention, the first selection circuitry 22 includes programmable 
counter circuitry that is programmable to produce a first programmable feedback signal which, 
when selected by the multiplex circuitry 26 for provision on input 21, causes the LCSS 18 to 
produce a signal that has a frequency that is a programmable multiple of the reference clock 
signal frequency on input 13. Also, in a present embodiment of the invention, the second 
frequency selection circuitry 24 includes programmable counter circuitry that is programmable 
to produce on a second programmable feedback signal which, when selected by the multiplex 
circuitry 26 for provision on input 21, causes a LCSS (either LCSS 18 or an external LCSS) to 
produce a signal that has a frequency that is a programmable multiple of a reference clock 
frequency on input 13. In a present embodiment, the second frequency selection circuitry 
includes counter circuitry to dynamically change a counter modulus during phase locking so as 
to permit fine tuning of a lock frequency to relatively narrow frequency channels for RF 
applications, for example. 

|0036| The LCSS controlled by the second frequency selection circuitry 24 can be the on- 
chip LCSS 18. Alternatively, in the case of a hybrid PLL/DLL circuit using on off-chip LCSS, 
the LCSS controlled by the second frequency can be such off-chip LCSS. Ordinarily, the second 
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frequency selection circuitry 24 receives as an input signal on input 32, a LCSS output signal 
from LCSS 18, or in the case of a hybrid PLL/DLL circuit with an off-chip LCSS, from an off - 
chip LCSS. It will be appreciated that, alternatively, the second frequency selection circuitry 24 
could receive as an input signal, a signal derived from either of such on-chip or off-chip LCSS 
signals through frequency division, for example. 

10037] In general, a PLL/DLL is in a locked condition when the signals in its loop have 
reached a steady state. As explained above, the PLL/DLL circuit 10 can be configured as a 
stand-alone PLL/DLL circuit using all on-chip components. Alternatively, a hybrid PLL/DLL 
circuit can be configured that employs some on-chip components from the PLL/DLL 10 and that 
also employs other off-chip components that are not part of the PLL/DLL circuit 10. In either 
the stand-alone or the hybrid case, PLL/DLL phase-locking operation is essentially the same. 

[0038] More specifically, the PLL/DLL 10 includes circuitry that facilitates connection of a 
hybrid feedforward circuit that comprises a combination of both on-chip components of the 
feedforward circuitry 1 1 and off-chip PLL/DLL feedforward circuit components that are not 
formed in the same integrated circuit in which the PLL/DLL 10 is formed. In particular, the 
PLL/DLL 10 includes externally accessible terminals 46, 48 connectable to a phase-frequency 
detector output 50. The PLL/DLL 10 includes an externally accessible terminal 52 connectable 
to a charge pump output 54. The PLL/DLL 10 includes an externally accessible terminal 56 
connectable to a LCSS input 58. 

[0039] In one embodiment, feedforward circuitry components that are unused in a hybrid 
feedforward circuit comprising both on-chip feedforward components and off-chip feedforward 
components can be gated off so as to not unnecessarily draw current or switch. For switched 
logic, gating off can be achieved by gating off the clock from such logic. For the charge pump 
14, gating off can be achieved by turning off the devices that supply current by setting V G s=0. 
For instance, if the charge pump 14 and the loop filter 16 are not to be a part of a given hybrid 
feedforward circuit, then the charge pump 14 can be gated off so that it becomes inoperative. 
Continuing with this same example, if the on-chip LCSS 18 is to be a part of the given hybrid 
feedforward circuit, then the LCSS 1 8 is not be gated off. In this example, it is expected that the 
external terminals 46, 48 would be connected to an external charge pump (not shown), and that 
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the external terminal 56 would be connected to an external loop filter (not shown). It will be 
appreciated that other combinations of the feedforward circuitry components can be selectively 
gated off depending upon the design of the given hybrid feedforward circuitry. 

[0040J Figures 8A-8B are illustrative drawings that show details of alternative 

embodiments of the phase-frequency-detector circuitry 12. Figure 8A shows a first phase- 
frequency detector embodiment 12-1, and Figure 8B shows a second phase- frequency detector 
embodiment 12-2. Components of the first and second phase-frequency detector embodiments 
of Figures 8A-8B that are identical are labeled with identical reference numerals. The first 
phase-frequency detector 12-1 includes first and second D flip-flops £10, 812 and a NAND gate 
814. A clock input of the first D flip-flop 810 is connected to receive a reference clock signal 
frequency signal on line 13. A clock input of the second D flip-flop 812 is connected to receive 
a feedback signal on line 21. The D inputs of the first and second D Flip-flops 810, 812 are 
connected to a bias voltage, i.e. V C c- A Q output of the first D flip-flop 810 on line 50-1 plus a 
Q output of the second D flip-flop 812 on line 50-2 comprise the PFD output 50. The first 
phase-frequency detector 12-1 also includes a programmable delay element 816 connected 
between the NAND gate output and the respective first and second D flip-flop clock inputs as 
shown. The programmable delay element 816, for example, can be implemented s a 
programmable delay line. 

[0041] The overall operation of the first phase-frequency detector 12-1 will be readily 

understood by persons having ordinary skill in the art and need not be described herein. The 
programmable delay element 816 can be programmed to adjust the pulse widths of the UP and 
DOWN signals produced by the first phase- frequency detector 12-1. Referring to Figure 2, if 
the on-chip charge pump 14 is to be used, then the delay imposed by the programmable delay 
element 816 can be programmed to cause the first phase-frequency detector 12-1 to produce 
UP/DOWN pulses of a lengths or durations suitable to control the on-chip charge pump 14. If on 
the other hand, an off-chip charge pump (not shown) is to be used, then the delay imposed by the 
programmable delay element 816 can be programmed to cause the first phase-frequency detector 
12-1 to produce UP/DOWN pulses of a lengths or durations suitable to control such off-chip 
charge pump. Thus, the delay element 816 advantageously makes the PLL/DLL 10 more 
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versatile by making it more readily adaptable for use with a wider variety of different charge 
pumps. 

|0042] The second phase-frequency detector 12-2 differs from the first phase-frequency 

detector 12-1 in that the second detector 12-2 includes a fixed delay element 818 connected 
between the output of a NAND gate 814 and clock inputs to the D flip-flops 810, 812. Also, the 
second phase-frequency detector 12-2 differs from the first phase-frequency detector 12-1 in that 
the second detector 12-2 includes first and second external terminal delay elements 820 and 822 
connected to external terminals 46, 48. The delay element 818 imparts a delay suitable to 
produce UP/DOWN signals of a duration suitable for the on-chip charge pump 14. The 
programmable delay elements 820, 822 can be programmed to adjust the pulse widths of the UP 
and DOWN signals produced on the external terminals 46, 48 by the second phase- frequency 
detector 12-2 to adapt it for use with any of different off-chip charge pumps (not shown). 

[0043] It is believed that the use of the programmable element 814 of the first detector 

embodiment 12-1 may in some circumstances result in more electrical noise than the use of the 
first and second programmable delay elements 820, 822 of the second detector embodiment 12- 
2. More specifically, it is believed that the use of a fixed delay element 818 connected between 
the output of the NAND gate 814 and the clock inputs of the D flip-flops 810, 812 of the second 
embodiment 12-2 may result in less noise than the use of a programmable element 814 in the 
same circuit position in the first detector embodiment 12-1 . However, the principle of operation 
of the these two phase- frequency detector embodiments 12-1, 12-2 are essentially the same. 

[0044] The illustrative drawings of Figures 3A-3C show portions of an alternative 
embodiment of the PLL/DLL circuit 10 of Figure 2 in which selector circuits are used to 
selectively couple signals between on-chip feedforward components and other on-chip and off- 
chip components. Items in Figures 3A-3C that are identical to corresponding items in Figure 2 
are identified with reference numerals that are identical to the numerals used for corresponding 
items in Figure 2. Figure 3A is an illustrative drawing showing a selector circuit 64 connecting 
the phase-frequency detector 12 and the charge pump 14. The selector circuit 64 selectively 
couples PFD output signals on PFD output 50 to either the charge pump input or to external 
terminals 46, 48. It will be appreciated that if the PFD output signals on PFD output 50 are to be 
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coupled to external terminals 46, 48, then the charge pump 14 is in effect not operative. Figure 
3B is an illustrative drawing showing a selector circuit 66 connecting the charge pump 14 and 
the loop filter 16. Selector circuit 66 selectively connects the charge pump output 54 to either 
the loop filter input or to external terminal 52. If the external terminal 52 is selected for 
connection to the charge pump output 54, then the loop filter 16 is in effect operatively 
disconnected from the charge pump 14. Figure 3C is an illustrative drawing showing a selector 
circuit 68 connecting the loop filter 16 and the LCSS 18. Selector circuit 68 selectively couples 
signals received on external terminal 56 to an input of LCSS 18 or couples signals output by LF 
16 to the input of LCSS 18. If the external terminal 56 is selected to provide signals to the LCSS 
input, then the LF 16 is in effect not operative. 

(0045) The charge pump circuitry 14 is connectable to external bias terminals 60, 62. More 
specifically, the charge pump circuitry is implemented so that it can be powered either from 
internal core power of the integrated circuit on which the PLL 10 is formed or from an external 
power bank. Powering the charge pump 14 advantageously permits setting the power to a level 
appropriate for a given external loop filter or VCO, (e.g., 2.5V or 3.3V). Thus, providing 
external bias terminals for the charge pump circuitry 14 adds further flexibility to the use of the 
PLL 10. Figure 9 is an illustrative drawing of a current reference circuit 900 that can be used to 
set a reference current for the on-chip charge pump 14 or for an off-chip charge pump (not 
shown). The circuit 900 includes a reference voltage source 902, first and second transistors Ml, 
M2 and a resistor 904. One terminal of the reference voltage source 902 is connected to an on- 
chip voltage source such as a 1 .25 volt band gap voltage. Another terminal of the reference 
voltage source 902 is connected to a source terminal of transistor Ml . An output of the reference 
voltage source is connected to a gates of Ml and M2. A drain terminal of each of the first and 
second transistors Ml, M2 is connected to a bias voltage, i.e. V C c- A source terminal 906 of Ml 
is connected to ground through resistor 904. A source terminal 908 of M2 provides a charge 
pump reference current. 

(0046| The reference current has a value as follows. 

lRcrcrcncc=(W/ 2 /L 2 )/W l /M 1 ) 
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10047] W/ 2 /L 2 represent the length and width dimensions of transistor M 2 . W/|/L| represent 
the length and width dimensions of transistor M». 

[0048] If the internal charge pump 14 is to be employed, the reference current is 

provided internally to the charge pump 14. It will be appreciated that although resistor 904 is 
shown as a single resistor element, it may be implemented as multiple transistor element, and 
may be programmable in value. Moreover, resistor 904 may be externally selectable or 
insertable so as to produce a reference current suitable for an external charge pump. 

[0049J 

[0050] It will appreciated, for example, that in a given hybrid feedforward circuit the on-chip 
charge pump 14, loop filter circuitry 16 and the LCSS 18 all can be inoperative at one time. 
Alternatively, in other hybrid feedforward circuits, for example, only the on-chip loop filter 
circuitry 16 might be inoperative or only the loop filter circuitry 16 and the LCSS 18 might be 
inoperative. Thus, a PLL/DLL can be implemented using an off-chip loop filter (not shown), for 
example, that is too large to fit on-chip with other PLL/DLL components but is well suited to 
low bandwidth applications such as RF communications. 

[0051] In other words, a hybrid external feedback signal source can be implemented using a 
combination of on-chip feedforward circuitry components and external (off-chip) components 
that is most suitable to a given application. In a current embodiment of the invention, it is 
contemplated that an external feedback signal provided to input driver circuitry 38 can be 
produced, at least in part, using feedforward circuit components external to the integrated circuit 
on which the PLL/DLL 10 is formed. In other words, an external feedback signal source can be 
implemented using only some of the on-chip components of the feedforward circuitry 1 1 of the 
PLL/DLL 10. 

[0052J Referring to the illustrative drawings of Figures 4A-4B, there are shown first and 
second hybrid PLL/DLL circuits 109-1 and 109-2, respectively. Each of hybrid circuits 109-1 
and 109-2 includes the PLL/DLL circuitry 109 of Figure 2 which is shown as a single block in 
each of Figures 4A and 4B. Referring to both Figure 2 and Figure 4A, selection circuitry of 
PLL/DLL circuitry 109 is switched to couple signals from the phase-frequency detector 12 to 
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external terminals 46, 48 which are connected to an external charge pump 14-1 . The external 
charge pump 14-1 is connected to an external loop filter 16-1. The selection circuitry of the 
PLL/DLL circuitry 109 is switched to couple signals provided by the external loop filter 16-1 on 
the external terminal 56 to an input of LCSS 18. Referring to both Figure 2 and Figure 4B, 
selection circuitry of PLL/DLL circuitry 109 is switched to couple signals from the charge pump 
14 to external terminals 46, 48 which are connected to an external loop filter 16-2. The external 
loop filter 16-2 is connected to an external LCSS 18-2 which has an output connected to provide 
signals to an external feedback input terminal 37. 

{00531 It w iU t> e appreciated that selection circuitry is used to configure PLL/DLL 10 to 
operate in a stand-alone mode or to operate as part of a hybrid PLL/DLL circuit. In accordance 
with different embodiments of the invention, the selection circuitry may include selector circuits 
64, 66, 68 such as those described with reference to Figures 3A-3C. Alternatively, the selection 
circuitry may include circuitry to gate off circuit components that are not currently in use. 
Alternately, the selection circuitry may include both selector circuits 64, 66, 68 and circuitry for 
gating off. In the embodiments of Figures 3A-3C, the selector circuits 64, 66, 68 switchably 
interconnect feedforward components and switchably couple signals between them and/or 
external terminals. 

[0054] Figure 5 is an illustrative drawing that shows a second embodiment of a PLL/DLL 
circuit 410 in accordance with the invention. Items in that are the same in Figures 2 and 4 are 
labeled with the same reference numerals which are primed in Figure 5. Only those aspects of 
the embodiment of Figure 5 that are different from the embodiment of Figure 2 shall be 
described. The feedforward circuitry 1 V of the second PLL/DLL 410 includes both first charge 
pump circuitry 414-1 and second charge pump circuitry 414-2. Both the first and second charge 
pump circuitry 414-1,414-2 are connected to the phase- frequency detector output 50\ The first 
charge pump circuitry 414-1 is connected to the loop filter 16\ The second charge pump 
circuitry 414-2 is connected to an external terminal 452 that can be connected to an off-chip loop 
filter. The second charge pump circuitry 414-2 is connected to external bias terminals 460, 462. 

(0055| The illustrative drawing of Figure 6 shows that the first and second charge pump 
circuitry 414-1, 414-2 are connected to the phase- frequency detector 12' through a selector 
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circuit 464. The selector circuit 464 can be switched to couple signals on the PFD output 50 
either to the first charge pump 414-1 or the second charge pump 414-2. The second charge 
pump 414-2 can be connected to an external loop filter via terminal 452. The external bias 
terminals 460, 462 can be used to bias the second charge pump 414-2 to a correct value (e.g., 
2.5V or 3.3V) for interfacing with a desired external loop filter and LCSS. Moreover, circuitry 
the first or second charge pump 414-1 or 414-2 can be gated off from the LCSS 18* by setting its 
V G s to zero to turn it off and to thereby save power when not in use in the PLL/DLL410. 

(0056J Figure 5 also shows details of the feedback circuitry 15'. The drawings of the 
feedback circuitry 15' of Figure 5 show in detail one implementation of the feedback circuitry 
15' that Figure 2 illustrates more generally. In the embodiment of Figure 5, first frequency 
selection circuitry is implemented so as to produce a first feedback signal that causes the LCSS 
18' of PLL 410 to produce an output signal having a frequency that is equal to the reference 
clock signal frequency on input 13' multiplied times M, where M is a programmable integer. In 
the embodiment of Figure 5, the second frequency selection circuitry is implemented as an 
Integer-N feedback circuit that produces a second feedback signal that causes a LCSS to produce 
a signal having a frequency that is equal to the reference clock frequency on input 13' multiplied 
times (PN+S) where P, N and S are programmable integers. 

[0057] More specifically, the feedback circuitry 15' includes first frequency selection 
circuitry which includes a programmable modulus-counter 480 and includes second frequency 
selection circuitry which includes a programmable swallow-counter 482, a programmable 
prescale-counter 484 and the modulus-counter 480. The feedback circuitry 15' also includes 
multiplex circuitry 426. The modulus counter 480 is shared by the first and second frequency 
selection circuitry. The multiplex circuitry 426 connects the first and second frequency selection 
circuitry and an external feedback input driver 38' to PFD feedback input 21\ The multiplex 
circuitry 426 is switchable to couple to the PFD feedback input 2 V either a first feedback signal 
provided by the first frequency selection circuitry or a second feedback signal provided by the 
second frequency selection circuitry or an external feedback signal received by the external 
feedback input driver 38'. Moreover, the multiplex circuitry 426 is switchable to couple to an 
input of modulus-counter 480 either an output signal provided by LCSS 18' on LCSS output 20' 
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or an external feedback signal provided on driver 38' and conducted around the prescale counter 
484 via bypass connection 483. 

|0058| In operation, when the first frequency selection circuitry is selected for operation with 
feedback input from LCSS 18\ the multiplex circuitry 426 couples a LCSS output signal on 
LCSS output 20' to an input 486 to the modulus-counter 480. The modulus counter 480 
produces on its output 488 one output clock pulse for every M clock pulses of the LCSS output 
signal received on the modulus-counter input 486. Similarly, when the first frequency selection 
circuitry is selected for operation with feedback input from an external periodic feedback signal 
source, the multiplex circuitry 426 couples a the signal received at feedback input 38' to an input 
486 to the modulus-counter 480. The modulus counter 480 produces on its output 488 one 
output clock pulse for every M clock pulses of the signal received on the modulus-counter input 
486. 

[0059] When the second frequency selection circuitry is selected for operation, the multiplex 
circuitry 426 couples an external feedback signal received by the external feedback driver input 
38' to an input of the prescale-counter 484. It will be appreciated that an external feedback signal 
may be produced by the on-chip LCSS 18' or by an external off-chip clock signal source (not 
shown). In a present embodiment the prescale-counter 484 (counts and thereby) divides an 
external feedback input signal by either N or N+l according to the logical state on control line 
490. The programmable modulus-counter 480 (counts and thereby) divides a signal output by 
the prescale-counter by M. The programmable swallow-counter 482 (counts and thereby) 
divides the output of prescale-counter 480 by S. The integer S can vary from the number 1 to a 
maximum number of frequency channels for example. Thus, through the operation of the 
swallow-counter 482, the modulus of the pre-scale counter 484 changes dynamically during 
phase locking. 

100601 In more general terms, it will be appreciated that the second frequency selection 
circuitry causes the source of the external feedback signal (e.g., LCSS 18' or an external LCSS) 
to have a frequency F om generally represented by, 

(00611 PaurM'FREi+kFuEF 
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[0062] Where F RE f is the frequency of the reference clock signal on input 13\ and where the 
second frequency selection circuitry in effect has a variable modulus M =M|/+k, where k=0, 
1,...N, and Mi/ is variable in unity steps, but My is fixed for any set of adjacent channels M^Hk, 
M|/+2k...M(/+Nk. Thus, each different valueof M v represents a frequency band, and M v +lk 
through My+Nk represent different discrete frequencies within that frequency band. 

[0063] Figure 7 is an illustrative drawing that shows a third embodiment of a PLL/DLL 
circuit 510 in accordance with the invention. Items in that are the same in Figures 2 and 7 are 
labeled with the same reference numerals which are double primed in Figure 7. Only those 
aspects of the embodiment of Figure 7 that are different from the embodiments of Figures 2 and 
4 shall be described. It will be understood that the third PLL/DLL 510 may include selector 
circuitry like that of Figure 5. 

[0064] Figure 7 also shows details of the feedback circuitry 15". The drawings of the 
feedback circuitry 15" of Figure 7 show in detail one implementation of the feedback circuitry 
15 that Figure 2 illustrates more generally. In the embodiment of Figure 7, first frequency 
selection circuitry is implemented with a programmable modulus-counter 592 connected so as to 
produce a first feedback signal that causes the LCSS 18" of PLL/DLL 510 to produce an output 
signal having a frequency that is equal to the reference clock signal frequency on input 13" 
multiplied times M, where M is a programmable integer. In the embodiment of Figure 7, the 
second frequency selection circuitry is implemented as a fractional-N feedback circuit. The 
fractional-N feedback circuit includes a programmable modulus-control-counter 594 and a 
prescaler-counter 596. The modulus control-counter 594 has an input connected to receive the 
reference signal on input 13" and has an output connected to control a divide-modulus of the 
prescale-counter 596. The prescale-counter 596 divides an external feedback signal on input 38" 
by N or by N+l depending upon the control signal provided on its modulus control input. The 
modulus-control-counter 596 can be programmed so as to cause a second feedback signal that 
causes a frequency source (e.g., LCSS 18" or an external frequency source) to have a frequency 
that is a factional multiple of the reference signal. Specifically, the modulus-control-counter 596 
can be programmed so that the prescale-counter 594 divides by N for A pulses of the frequency 
source (either VCO 18" or an external frequency source) and so that the prescale-counter 594 
divides by N+l for B pulses of the frequency source. Thus, through the operation of the 
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modulus-control-counter 596, the modulus of pre-scale counter 594 changes dynamically during 
phase locking. 

(0065| As a result, frequency source is caused to produce an external feedback signal having 
a frequency, F 0 , n =(A+B)/[A/N+B/(N+l)]F/?£ F More generally, the resulting frequency can be 
represented as, Fo^fN^F^, where the dot represents a decimal point and N and /represent 
integer and fractional parts of the modulus. The spacing between discrete frequencies that can be 
produced by the fractional-N feedback circuitry is a factional multiple of the reference signal, 
and that fractional multiple depends upon the modulus of programmed into the modulus-control 
counter 594. 

(00661 When the first frequency selection circuitry of Figure 7 is selected for operation with 
feedback input from LCSS 18 M , the multiplex circuitry 590 couples an output signal produced by 
the modulus-counter 592 to PFD input 21". The modulus counter 592 produces on its output one 
output clock pulse for every M clock pulses of the VCO output signal received on the modulus- 
counter input. When the second frequency selection circuitry of Figure 7 is selected for 
operation, the multiplex circuitry 590 couples an output signal produced by the prescale-counter 
596 to PFD input 21". 

[0067] Various modifications to the preferred embodiments can be made without departing 
from the scope of the invention. Thus, the foregoing descriptions are not intended to limit the 
invention which is described in the appended claims. 
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